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ABSTRACT

Equilibrium partitioning of contaminants has been a widely implemented
assumption in transport and fate models. Challenges of this assumption began with
Karickhoff et al. (1895) and continued with the work of Professor Wilbert Lick at the
University of California, Santa Barbara and many others. These researchers and others
have continued to show, through laboratory experiments and subsequent numerical
models, that this assumption is not always valid. This is especially so for hydrophobic
organic chemicals (HOCs) such as polychlorinated biphenyls (PCBs). The research of
Karickhoff, Lick and many others provides evidence that HOCs can take up to 300 days
to completely desorb from suspended sediments (Borglin et al., 1996) and about 150 days
to reach equilibrium (Lick et al., 1997). Equilibrium models assume that the
contaminants reach equilibrium over one model time step, which is often on the order of
10 seconds or less.
This thesis takes the non-equilibrium sorption models presented by Lick and
others and incorporates them into a multi-dimensional transport and fate model within the
Environmental Fluid Dynamics Code (EFDC), which is a widely used and EPA-accepted
model. The results of verification tests show that contaminants can take up to 300 days to
reach equilibrium for large particle sizes (250 μm) and about 3 days for small particle
sizes (25 μm). Good agreement was found when a specific laboratory experiment by Lick
(1997) was modeled with the non-equilibrium EFDC model.
The model was then used to simulate the transport and fate of PCBs at a
Superfund site in New Bedford Harbor, Massachusetts. The non-equilibrium model still
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assumed PCBs in the dissolved organic carbon phase as well as PCBs in the sediment bed
were in chemical equilibrium. Results from a one year simulation show a significant
difference in water column concentrations, especially in the solids concentrations. These
results indicate that the equilibrium partitioning model is underestimating the PCB solids
concentrations. Based on the differences between the equilibrium and the nonequilibrium models the long term consequences of the equilibrium assumption could be
significant. These conditions could dramatically change the PCB concentration
predictions in marine biota from the similar predictions made with the equilibrium model.
The biota PCB concentrations are an important parameter at the NBH Superfund project
as well as other sites.
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CHAPTER ONE
INTRODUCTION

Preserving the integrity and health of coastal waterways is paramount to the
health of current and future generations. Improper disposal of pollutants, especially
before the 1970s, has negatively impacted waterways and reservoirs across the nation.
Many of these contaminated sites are still an issue today, especially those affected by
persistent hydrophobic organic chemicals. Without remediation, hydrophobic organic
chemicals will persist in the environment and continue to negatively affect biota and
human populations. Numerical models, along with other lines of evidence, are often an
important tool in making remediation decisions at a given site. Long-term simulations of
the transport and fate of the contaminants of concern at a given site are run on numerical
models to help predict future contaminant concentrations. Numerical models are used to
simulate environmental conditions and give decision makers the ability to compare the
outcomes of different remediation options and techniques. Therefore, accurate modeling
of contaminated systems is of the utmost importance to the health of the ecosystem and
that of the affected human population. This thesis focuses on improving these modeling
studies by incorporating new research on the kinetics of hydrophobic organic chemical
sorption and desorption into a multi-dimensional contaminant transport and fate model.
This thesis shows that a common assumption made in most contaminant transport and
fate models, the assumption of equilibrium partitioning, is not always valid for
hydrophobic organic chemicals.
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Problem Statement

All transport and fate numerical models are simplified representations of nature.
They incorporate numerous assumptions, some of which are necessary to generate a
model that runs faster than real time. The assumption of equilibrium partitioning was
called into question for hydrophobic organic chemicals by Karickhoff et al. (1985). Due
to their chemical and physical properties, hydrophobic organic chemicals (HOCs) do not
interact with their environment in the way that is represented by equilibrium models.
Models that incorporate the assumption of equilibrium partitioning may not be accurately
modeling the kinetics of adsorption/desorption for HOCs. The assumption of equilibrium
can lead to inaccuracies in concentrations predictions and could potentially to incorrect
management decisions. This thesis is another step towards more accurate modeling of
contaminated systems and is, therefore, one step closer to decreasing the risk to human
health from contaminated environments.
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Goals and Objectives



Goal: Expand the capabilities of the contaminant transport and fate model in the
Environmental Fluid Dynamics Code (EFDC).
o Objective: Develop a non-equilibrium partitioning module that can be
dynamically linked to EFDC. The module was developed by creating a
new numerical solution routine to solve the three-phase contaminant
transport equations that did not include the simplifying assumption of
equilibrium partitioning.
o Objective: Verify the model by simulating simple conditions and testing
transport processes.
o Objective: Verify the model further by simulating HOC sorption
laboratory experiments.



Goal: Compare results obtained from the existing equilibrium model and the new
non-equilibrium model.
o Objective: Compare one-year simulations by the two models for the
conditions at New Bedford Harbor Superfund site in New Bedford,
Massachusetts.
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New Bedford Harbor, Massachusetts

The Superfund Site New Bedford Harbor (NBH) in New Bedford, Massachusetts,
is highly contaminated with PCBs (Figure 1). The site is located in south east
Massachusetts, on Buzzards Bay and is bounded by the Town of Fairhaven (east) and the
City of New Bedford (west) and a hurricane barrier (south). The barrier separates the
harbor from Buzzards Bay. The harbor is one of the most important marine resources for
the region, as home to one of the largest fishing fleets in the country and is an active port.
The harbor has been significantly altered by anthropogenic sources throughout its history.
Dredging, wetland filling, and marine infrastructure such as the hurricane barrier, piers
and bulkheads are some of the major alterations to the harbor (Hayter et al., 2014).
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Upper Harbor

Lower Harbor

Hurricane Barrier
Buzzards Bay

Figure 1: New Bedford Harbor, Massachusetts

Human activity in the area and in the harbor has led to a large variety of impacts
to the marine environment. Industrial waste from many different sources has been
discharged into the harbor for decades and has had a significant impact on the ecological
health of the harbor. In 1983 the United States Environmental Protection Agency
(USEPA) listed the harbor as the first marine Superfund site due to PCB contamination
from industrial wastes (Hayter et al., 2014). The major concern that led the EPA to that
decision was health risks associated with human ingestion of PCB contaminated seafood.
Before remediation began, the site had areas of sediments with PCB
concentrations up to 4,000 ppm and biota concentrations up to 19 ppm, both of which are
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extremely high (Nelson and Bergen, 2012). The Food and Drug Administration limit for
PCBs in seafood is 2 ppm, indicating that the marine life in NBH was extremely unsafe
for human consumption (Koplan, 2000). The EPA has involved the United States Army
Corps of Engineers (USACE), specifically the Engineer Research and Development
Center (ERDC) in modeling the PCB concentrations in the harbor. The USACE modeling
studies provide concentrations predictions that will drive a food chain model. The
modeling studies are another line of evidence that will be used by EPA project managers
in evaluating the effectiveness of the remedial alternatives under consideration. Modeling
studies by the USACE are ongoing at this site. Remediation efforts, such as
environmental dredging of contaminated sediment, are ongoing at the site as well.
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CHAPTER TWO
LITERATURE REVIEW

Hydrophobic Organic Chemicals

Polychlorinated biphenyls (PCBs) are considered hydrophobic organic chemicals
(HOCs) and were banned in 1976 by the Toxic Substances Control Act due to a variety of
health effects such as cancer, and reproductive and neurological effects (EPA, 2013).
Removing them from the environment is of the utmost importance for the health of
human and biota populations. PCBs are manmade chemicals that are very stable in the
environment. They are also not easily broken down by microorganisms and are,
therefore, very persistent. Their hydrophobic nature is indicated by their high partitioning
coefficients, meaning that they have a stronger affinity to be associated with solid
particles rather than being freely dissolved in the water. Their hydrophobicity is due to
their aromatic structure and lack of polarity being incompatible with water molecules.
Other HOCs such as hexachlorobenzene (HCB), polycyclic aromatic hydrocarbons
(PAHs), dichlorodiphenyltrichloroethane (DDT), dichlorodiphenyldichloroethane
(DDD), etc. have similar characteristics.
Before 1976, PCBs were used in the manufacture of electrical capacitors and
resistors. During this time, there were few environmental regulations and large amounts
of PCBs were released into the environment in multiple harbor locations and persist to
this day. PCBs pose a threat to human health in many ways. They are probable
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carcinogens, have effects on the immune and reproductive systems, can cause detrimental
effects on developing nervous systems, and are suspected to be endocrine disruptors as
well (EPA, 2013).Humans come into contact with PCBs and other HOCs mostly through
ingestion of seafood (fish, shellfish etc.) that have been exposed to contaminated water
and/or sediment (EPA, 2013).
Hydrophobic organic chemicals in the environment should be remediated (e.g.,
removed) when the risk to human health is high. There are hundreds of aquatic sites,
across the nation, that are on the Environmental Protection Agency’s National Priority
list of Superfund sites, due to high contamination. Remediation efforts at these
contaminated sites often require modeling of natural waters, which include the interaction
of the contaminant with the physical environment as well as with marine life. Accurate
models can vastly improve remediation efforts at contaminated sites. Modeling the
transport and fate of contaminants, especially HOCs, in aquatic environments is an
extremely useful tool in remediation efforts. More effective remediation will lead to less
risk of compromising human health as a result of interaction with contaminated sites.
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Hydrophobic Organic Chemical Sorption

Most contaminant transport and fate models currently employ the assumption of
equilibrium partitioning. The equilibrium model, as models employing the equilibrium
assumption will be called from here on, is computationally simpler as only one transport
equation and no kinetic adsorption or desorption terms have to be solved. Little
knowledge about the kinetics of sorption and desorption is needed by the user of the
equilibrium model. But, many researchers have shown that the simplifying assumption of
equilibrium is not the most accurate representation of sorption kinetics for certain
chemicals and conditions and, therefore, may not be the most accurate method to use in
modeling the fate and transport of HOCs. Reduced computation time and simplicity are
the main arguments for invoking the equilibrium assumption. Though minimizing
computer time is often important in modeling studies, more accurate representations of
the physical and chemical processes are of greater importance. Computing power has also
increased significantly since the equilibrium model was first formulated.
Some terminology that will be used throughout this thesis should be clarified.
When the suspended sediment concentration is mentioned, this indicates the
concentration of the physical sediment particles suspended in the water column. This
term has no dependence on contaminant concentration. When PCB or contaminant solids
concentration is mentioned this indicates the concentration of chemical associated with
the solids phase. When chemicals are considered associated with the solids phase, they
are sorbed to the solid particles. The PCB solids concentration, expressed in units of mass
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per volume is dependent on the suspended sediment concentration, whereas when it is
expressed in units of mass per mass, it is independent of the suspended sediment
concentration.
Many organic contaminants have large partition coefficients, which means that
they are very hydrophobic and are not associated with the freely dissolved phase nearly
as much as they tend to be associated with dissolved organic carbon (DOC) or solid
material. The relationship between the amount of contaminant in the solid phase (s) and
the liquid phase (w) is defined by the equilibrium partitioning coefficient. The
relationship is seen in Equation(2.1). If an initial concentration of one phase is known,
the equilibrium concentration of the other phase can be determined using this equation.

Kp 

Cs
Cw

(2.1)

It has been found by many researchers that HOCs with high partition coefficients
can have very slow desorption times, indicating that they take long periods of time to
reach equilibrium with their surroundings (Karickhoff and Morris, 1985 ). The time it
takes to reach equilibrium during desorption can be on the order of weeks and months,
which is much longer than that assumed by the equilibrium model. In equilibrium
models, the contaminant achieves its equilibrium concentrations at each time step in the
model, which is usually on the order of seconds.
Karickhoff and Morris (1985) found that HOCs in suspended natural sediments
took days to weeks to equilibrate in the water column indicating that equilibrium models
may not be effective at representing the kinetics of the desorption phenomenon. They
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found that the adsorption of contaminants to natural sediments was rapid, on the order of
minutes to hours, while desorption of contaminants to the freely dissolved phase was
much slower (days to weeks). They developed a two compartment model, often called a
biphasic model, for desorption, which consisted of both labile (fast) and nonlabile
(slower) or refractory compartments. They assumed the labile component was in
equilibrium, while the nonlabile component was modeled as a first-order process. About
half or less of the total mass of contaminant was found to be in the labile compartment,
indicating a significant amount of the contaminant was in the nonlabile compartment.
The biphasic model has been used and built upon by many other researchers.
Wu and Gschwend (1986) developed a model that used chemical and physical
processes to describe sorption kinetics with one parameter, the effective diffusivity (D).
The effective diffusivity is a function of the soil porosity, the chemicals equilibrium
partition coefficient, and the pore fluid diffusivity of the sorbate. The effective diffusivity
(D) was expressed as a flux. The diffusivity coefficient described intraparticle diffusion
of the contaminant.
Lick and others, at the University of California, Santa Barbara expanded on the
work of Wu and Gschwend (Jepsen et al., 1995). They performed long term (2-5 month)
experiments that focused on the adsorption and partitioning of hexachlorobenzene (HCB)
onto natural sediments and found that the adsorption rates were dependent on multiple
parameters. The parameters that affected the adsorption rates included the concentration
of suspended sediments in the water column and their flocculation characteristics, as well
as the presence of colloidal matter (organic carbon). Higher suspended sediment
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concentrations led to longer times for the system to reach equilibrium and the presence of
colloids altered the partitioning coefficient of the HCBs. The suspended sediment
concentration affected the sorption time because different flocculation characteristics are
present at different concentrations. The size, density and porosity of the flocs affect how
contaminants can move through them. The presence of colloidal matter can alter the
partitioning coefficient between solids and the freely dissolved because some
contaminant will sorb to the colloidal matter and less will partition into the freely
dissolved and solids phase.
More long term sorption experiments were done in 1996 (Borglin et al., 1996).
Their experiments showed that desorption of HOCs (HCB and three PCB congeners) is
slow and can take months to several years to equilibrate. Borglin et al. (1996)
demonstrated that a simple chemical diffusion model would model desorption of HOCs
from suspended sediment fairly accurately. The diffusion coefficient they derived was a
function of particle/floc characteristics, organic carbon content, and the chemical
partitioning coefficient. They also found that the desorption rates depended upon the
amount of time the chemicals were allowed to equilibrate (adsorb). When the batches of
sediment, water and chemicals were allowed to equilibrate for around 120 days before
desorption occurred, desorption times were on the order of months-years, while shorter
equilibration times of 2-5 days had much faster desorption rates. The dependence on
adsorption times can be explained by intraparticle diffusion. When a chemical has not
reached equilibrium (i.e. is still diffusing into the particle) it has less distance to move
during desorption compared to a fully equilibrated system when the chemical has to
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diffuse through most of the particle diameter. In agreement with previous work, they
found that the higher the suspended sediment concentration, the slower the desorption
process occurred and vice versa. The relationship was due to the changing floc porosities
and floc sizes throughout the experiment.
More experiments were done by Lick and colleagues that also demonstrated that
sorption rates are an important parameter when modeling surface waters (Lick et al.,
1997). They found that colloids in water were important in sorption and partitioning, and
accounted for their role by altering the partitioning coefficient, to reflect such, in a two
phase model. Their experiments focused on suspended sediments and found that sorption
rates must be considered when modeling the transport and fate of contaminants. Their
model assumed that the bottom sediments were in chemical equilibrium. Borglin et al.
(1996) presented a model, referred to as the mass transfer model, based on previous work
by Lick and Rapaka (1996), which is computationally simpler and requires less
knowledge about flocculation characteristics than previous models presented by Lick et
al., (1997).
Computer time can be an important factor when choosing a model and is one of
the main arguments for invoking the assumption of equilibrium partitioning. Nonequilibrium computational times must be competitive with the non-equilibrium models to
achieve wide acceptance. Lick (2009) presented the computational efficient model, the
“mass transfer model”, and the more complex model, the “diffusion model”. The mass
transfer model can save considerable computer time and increase the incentive for it to be
utilized.
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Lick (2009) presented the desorption rate (kd) of contaminants from sediments,
Equation (2.2), as a function of the effective diffusivity, D, and the sediment diameter, d,
in his mass transfer model. Equation (2.2) was derived by integrating the equation for the
time rate of change of the solids concentration (Equation (2.4)). The desorption rate was
then found by setting the time that the system would take to desorb 75% of the
contaminant, given by Carlsaw and Jaeger (1959) for 75% desorption. The effective
diffusivity describes the rate at which a chemical can diffuse through a particle and
depends on the density of the particles/flocs. The desorption rate, given in units of [1/s] is
dependent upon the intraparticle diffusion coefficient, D in units of [m2/s], and the
particle diameter d in units of [m].

kd 

D
0.0165d 2

(2.2)

Lick et al. (1997) also derived an adsorption rate (ka) of contaminant to sediment
particles, shown in Equations (2.3) for the mass transfer model. The adsorption rate, in
units of [1/s], is a function of the effective diffusivity (D) (~2x10-18 m2/s), the sediment
diameter (d), a slowly varying parameter (a0), the total mass of the chemical per unit
volume (

m
), the partition coefficient (Kp), the suspended sediment concentration (S) and
V

the time derivative of the freely dissolved contaminant concentration (



D
a0
dCw 
ka 
1 

0.0165d 2  ( m ) K S dt 
p
V
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dCw
).
dt

(2.3)

The mass transfer coefficients kd and ka are used to calculate the average change
in solids concentration over time. The difference between the equilibrium value of the
solids concentration (KpCw) and the actual concentration (Cs) is used to drive the
desorption rate of contaminant from solids into the freely dissolved phase, which can be
seen in Equation (2.4) (Lick, 2009) where k is the mass transfer coefficient (ka or kd).

dCs
 k ( K p Cw  Cs )
dt

(2.4)

Lick’s work accounted for dissolved organic carbon (colloidal matter) by altering
the equilibrium partition coefficient in a two phase (solids and freely dissolved) model.
In the EFDC model, the dissolved phase is included in the contaminant transport module;
therefore, the adsorption and desorption of contaminants to and from colloidal size
organic matter must be accounted for in this thesis. Not nearly as much research has been
done on the sorption kinetics of dissolved organic carbon (DOC) as that of sediment.
Researchers discuss the importance of organic carbon on the partitioning of HOCs onto
sediment extensively, but they often account for it by altering the partition coefficient in a
two phase model. The two phase models partition contaminants into the freely dissolved
or solid bound phase (Lick et al., 1997, Lick and Rapaka, 1996, Deane et al., 1999).
Karickhoff and Morris (1985) used a two part desorption model that used two
desorption rates. The model presented in this thesis will use one rate to model the
desorption of HOCs from solids. The decision was based upon the agreement of Lick’s
work, given by Equation(2.2), with experimental results using one desorption rate
(Borglin et al., 1996).
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All of the research previously discussed will be the building blocks that are
needed to apply the model to a bigger, more complex system. Lick et al. (2004) stated
their hope “that these solutions will serve to illustrate the general characteristics of more
complex sediment-water flux problems”. Lick et al. (2004) presents models that were
previously presented by Lick (1996) and also provides more detailed results from
sorption experiments.
A substantial amount of literature agrees that the assumption of equilibrium
partitioning of hydrophobic organic chemicals is not always a valid assumption. To date,
non-equilibrium partitioning has not widely been applied to a multi-dimensional transport
and fate model, like the EFDC model of New Bedford Harbor. The New Bedford Harbor
Superfund Site is the ideal complex sediment-water flux problem that Lick describes.
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New Bedford Harbor Equilibrium Model

The most recent modeling goals for the NBH Superfund project are to evaluate
three post-remediation scenarios, one of which is a monitored natural recovery scenario.
The model currently being implemented by the USACE at NBH is the Environmental
Fluid Dynamics Code (EFDC). EFDC is a finite difference model that dynamically links
hydrodynamics, sediment transport and contaminant transport (Hayter et al., 2014). The
hydrodynamic model solves the 3D, vertically hydrostatic, free surface, turbulence
averaged equations of motion. The sediment transport model in the version of EFDC used
in NBH, utilizes the SEDZLJ model, which simulates the movement of each sediment
size class throughout the model domain. Five sediment size classes were used in the NBH
model, three cohesive and two non-cohesive sizes (Hayter et al., 2014).
The contaminant transport model of EFDC, like most other transport and fate
models, employs the simplifying assumption of equilibrium partitioning. The USACE
NBH model, that employs this assumption, will from here on be referred to as the
equilibrium model.
The NBH equilibrium model uses upwind differencing to numerically solve the
contaminant transport equation. The equation is solved by breaking down contaminant
transport into components and solving for each, so that the solution progresses to the next
fraction of a time step (n+1/4, n+1/2, n+3/4 and n+1). The four steps account for the
processes of advection; settling, deposition and re-suspension; diffusion; and decay.
Though EFDC is capable of modeling multiple contaminants, PCBs are the only
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contaminant modeled at NBH. Data have been collected at many locations throughout the
harbor for many years and many different PCB congeners have been identified. To
greatly reduce computational burdens, the decision was made to model the total PCB
concentrations of the 18 National Oceanographic and Atmospheric Administration
(NOAA) congeners instead of individual congeners (Table A-1).
Partitioning coefficients (Kp) determine how contaminants will partition between
the three phases in the model. For NBH, there are different partition coefficients for
different areas within the harbor. The harbor was broken into three areas whose
partitioning coefficients were corrected for the PCB composition in each area (Hayter et
al., 2014). Partitioning coefficients for PCBs between the freely dissolved and the solids,
as well as between the freely dissolved and the DOC were determined for the water
column as well as the sediment bed. These coefficients are read into the model via input
files.
Five size classes were used to represent NBH sediments. Their representative
diameters are 3, 25, 220, 432, and 2000 μm. Each class has a unique specific gravity and
critical shear stress for suspension. The erosion rates of the sediment bed were
determined experimentally and are read into the model for each bed layer.
The contaminant transport and fate module within the equilibrium model solves
for the total concentration of contaminants in the water column, where the total
concentration is the sum of all three contaminant phases. The three phases are freely
dissolved (w), contaminant bound to dissolved organic carbon (i.e., colloidal sized) (d)
and contaminant bound to solids (s) phase. Equation (2.5) shows the contaminant
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transport equation that the equilibrium model solves. Equation (2.5) accounts for
advective flux in all three directions (x, y and z), the flux of contaminant due to particle
settling, the flux due to vertical diffusion, as well as for the loss of contaminant due to
decay. Equation (2.5) is a result of invoking the equilibrium assumption, which states
that the three contaminant phases reach equilibrium instantaneously, i.e., during a single
model time step. In the equilibrium model, the adsorption rates are set equal to the
desorption rates which allows for three transport equations (Equations (2.6), (2.7), and
(2.8)), one for each phase, to be simplified into the one (Equation (2.5)). See Table 1 for
definitions and units for variables for the following equations.
Equilibrium transport equation
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The transport equation for the freely dissolved (w) contaminant
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The transport equation for the contaminant sorbed to dissolved organic carbon (d):
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(2.7)

The transport equation for the contaminant sorbed to solids (s):
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Table 1: Variables for Equations (2.6), (2.7), and (2.8)

Variable
H
u,v,w

γ

Description
Depth of water column layer
Total contaminant concentration in water column
Fluid velocity in the u, v, and w direction
Settling velocity of particles
Fraction of contaminant in the solid bound phase
Vertical turbulent diffusivity
Decay rate coefficient
Desorption rate of contaminant from solids to freely dissolved
Desorption rate of contaminant from dissolved material to freely
dissolved
Adsorption rate of contaminant from freely dissolved to solids
Adsorption rate of contaminant from freely dissolved to dissolved
material
Concentration in phase: freely dissolved (w), sorbed to dissolved (d),
sorbed to solids (s)
Fraction of contaminant available for sorption (set equal to 1)
Saturated sorbed mass of contaminant per dissolved material mass
Concentration of contaminant sorbed to dissolved material
Saturated sorbed mass of contaminant per sediment mass
Concentration of contaminant sorbed to sediment

Units
m
μg/L
m/s
cm/s
2
m /s
1/s
1/s
m3/kgs
m3/kgs
(w) μg/L
(d) μg/L
(s) μg/L
mg/mg
mg/mg
mg/mg
mg/L

The three phase transport equations ((2.6),(2.7), and (2.8) ) account for
contaminant transport due to advective flux in three dimensions, vertical contaminant
flux due to vertical diffusion, contaminant flux due to adsorption and desorption,
contaminant flux due to particle settling as well as contaminant loss due to decay. The
advection terms are the third, fourth, and fifth terms in each equation where u, v, and w
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are the velocity terms in the x, y, and z direction. Diffusion is accounted for in the first
term on the right hand side of each equation, where the parameter Ab is the vertical
turbulent diffusivity. The desorption terms are on the right hand side of the equations and
are recognized by the desorption rate (kd), and the adsorption terms by the adsorption rate
(ka). The settling of solids is accounted for in the solids transport equation in the last term
on the left hand side of the equation, with ws representing the settling velocity of
sediment particles.
The adsorption terms are proportional to the difference between the actual
concentration and the saturated concentration. The saturated concentration X̂ is the
concentration of PCBs sorbed to solids at equilibrium and X, is the actual concentration
of PCBs sorbed to solids, which is determined for each time step. If the contaminant is in
equilibrium the difference between X̂ and X will be zero and adsorption will not occur.
Many boundary conditions need to be specified when modeling a complex system
like New Bedford Harbor. There are two flow and multiple water surface elevation
boundary conditions applied to the model to represent freshwater inflow into the harbor
and also to represent tidal forcing at the open water boundary of the model domain in
Buzzards Bay. There is one boundary condition for contaminants, represented as a
groundwater source of PCBs in the sediment bed of one grid cell in the upper harbor.
Additionally, the three tributaries that flow into the harbor are assumed to have zero PCB
concentrations. The boundary conditions for PCBs, based on collected data, are read in
from an input file. The model domain can be seen in Figure 2.
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Figure 2: New Bedford Harbor Model Domain (Hayter et al., 2014)
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A small change was made in EFDC by the USACE to the contaminant transport
routine in EFDC for the NBH equilibrium model to more accurately represent the site
specific conditions. A background PCB concentration for the sediment bed and the water
column was applied. The change prevents the PCB concentration from falling below the
background value (Hayter et al. 2014). Background concentrations are defined by the
EPA as natural or ambient concentrations not due to the local pollution sources but due to
either naturally occurring processes or not attributable to a single source (EPA, 2008).
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CHAPTER THREE
NON-EQUILIBRIUM MODEL

Non-Equilibrium Theory

The New Bedford Harbor EFDC contaminant transport and fate model is vastly
larger in size and complexity than the models used in the research studies previously
discussed. EFDC has a third dimension (vertical) as well as a third contaminant phase
that the models discussed above did not (Lick, 2009). The contaminant transport
processes in the non-equilibrium model are illustrated in
Figure 3 which shows a schematic of the transport processes represented in the
non-equilibrium model. EFDC is widely used and is accepted by the USEPA, therefore, it
is an ideal model to apply the research previously discussed. To apply non-equilibrium
partitioning of PCBs to the EFDC model, a combination of the models previously
presented must be utilized and integrated into the existing contaminant transport and fate
module in EFDC.
Adsorption and desorption of PCBs from solids is calculated for each time step in
the model simulation. The rate of adsorption (kaS) and the rate of desorption (kdS) are
needed in the non-equilibrium model. Lick’s mass transfer model was used to simulate
the adsorption and desorption to and from the solid particulate phase (Lick, 2009).
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Figure 3: Schematic of transport processes represented in the non-equilibrium model
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Solids desorption and adsorption rates for each sediment size class were
calculated using Equation (2.2) and Equation (2.3), respectively. The diffusion coefficient
was assumed to be 2x10-18 m2/s, as this is a typical value to describe the diffusion rate of
a contaminant through a particle (Lick, 2009). The average sediment diameter for each of
the five size classes was used in these equations. The water column equilibrium partition
coefficient was read into Equation (2.3) from input files to correspond to the specific
contaminant as well as the relevant location within the harbor. There were two different
partitioning coefficients for the DOC, each grid cell having an associated coefficient to
best represent the contaminant conditions in the harbor.
Non-equilibrium partitioning was incorporated into the existing EFDC model as a
user option. A parameter in the main input file was added, such that when a certain value
was entered, the non-equilibrium routines were used. The contaminant transport model
was altered by making new subroutines and adding alterations within existing subroutines
that would be used if the non-equilibrium partitioning option is chosen. Lick’s model for
sorption to and from solids, discussed above, was added to a new transport subroutine
which is only called for the toxics transport calculation. Similar new routines were
created to take the place of the subroutines that compute the contaminant sources and
sinks for the water column as well as for the bed.
Modeling of contaminant transport due to diffusion was the same in nonequilibrium as the original equilibrium model; therefore, the equations governing
diffusion were not altered. Lick’s equations for desorption from solids (Equation (2.2)
and Equation(2.4)) were integrated into the EFDC equations for the freely dissolved PCB
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and the PCB solids concentrations (Equations (2.6) and (2.8)). Combining Lick’s models
into the EFDC transport equations produces the second right hand term in Equation (3.1)
that represents the amount of contaminant being added to the freely dissolved phase due
to desorption from solids. The change in contaminant concentration, for each sediment
size class (i) of the solids phase, due to desorption/adsorption is represented in the second
right hand term of Equation(3.3). The difference between the equilibrium value of the
solids concentration (KpCw) and the actual concentration Cs is what drives
adsorption/desorption. Once equilibrium is achieved (KpCw = Cs), the term approaches
zero, and, therefore, no more contaminant is desorbed.
The dissolved organic carbon (DOC) is assumed to be in equilibrium for each
time step in the non-equilibrium model. There are two premises for this assumption. The
first is due to lack of research on the kinetics of sorption to DOC. The second premise for
assuming equilibrium for DOC is supported by the theory of intraparticle diffusion,
which Lick’s model and the model for solids sorption in the non-equilibrium model is
based. In this theory the diameter of the particle heavily dictates the rate at which
desorption occurs (see Equation (2.2)). Dissolved organic carbon particles are usually
defined as being smaller than 1 μm. If this diameter is plugged into Equation(2.2), the
resulting desorption rate is very large. Even though Lick’s desorption rate equation
models solids, it can predict that desorption and adsorption rates of contaminants from
DOC should be very fast due to its small diameter. Contaminants are removed and added
to the DOC phase based on Equation(2.1).
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Equilibrium was also assumed in the sediment bed. This assumption was based
upon a similar assumption by Lick et al. (1997). The sediment bed – water column
interface transports contaminants in their appropriate phases. If the contaminant is
moving from the water column to the bed in the freely dissolved phase for example, the
freely dissolved contaminant concentration in the water column will decrease and the
total sediment bed contaminant concentration will increase. If there is contaminant flux
from the bed to the water column the total sediment bed contaminant concentration will
decrease and the appropriate phase in the water column will increase.
Adsorption of the contaminants from the freely dissolved phase to the solids
phase was accounted for in the contaminant transport equations in EFDC. Equation (2.3)
was used to model the adsorption rate of contaminant from the freely dissolved phase to
each sediment size class of solids.
Some modifications to the EFDC transport equations and to Lick’s models had to
be made to correctly model the kinetics of desorption and achieve unit agreement. In
Lick’s model the solids concentration (Cs) is in units of mass per mass whereas the EFDC
model represents it in mass per volume. To use the relationship between KpCw and Cs
(Equation(2.1)) in EFDC, Cs is converted to mass per mass by dividing it by the
suspended sediment concentration (Si) in the water column [

g
L

][

L
g
]  [ ] . The
mg
mg

suspended sediment concentration had to be added to the desorption/adsorption term in
the EFDC equations (Equations (2.6) and (2.8)) in order to proportionally desorb
contaminant from suspended solids, especially when the suspended sediment
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concentration is changing. Suspended sediment concentrations in the water column are
constantly changing in natural systems. The adsorption/ desorption term within the
transport equations must reflect the changes in suspended sediment concentrations.
Some other assumptions that were made when applying the EFDC transport
equations were that the porosity ϕ in the water column was one, and the fraction of the
dissolved contaminant available for sorption Ψw was also assumed to be one. The mass
transfer coefficients (or adsorption/desorption rates) are represented in the equations as
ks. If the system is out of equilibrium either the adsorption rate (Equation (2.3)) or the
desorption rate (Equation (2.2)) will be used as ks in the transport equation. If Cs > KpCw
then the desorption rate will be used, meaning that there is too much contaminant
associated with the solid phase and the system will desorb contaminant to move towards
equilibrium. If Cs < KpCw then the adsorption rate will be used, when there is too much
contaminant freely dissolved in the water.
The final sorptive contaminant transport equations used for modeling nonequilibrium partitioning for the freely dissolved, the dissolved organic carbon and solids
respectively, are seen below. The advection terms are seen in the freely dissolved and
solids equations as the second, third and fourth terms on the left hand side. The diffusion
terms are represented by the first term on the right hand side and the
adsorption/desorption term being the term on the right hand side with the sorption rate k.
The settling of solids is accounted for in the last term on the left hand side and the decay
of contaminants is the last term in the solids transport equation.
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Incorporation of Non-Equilibrium in EFDC

To incorporate the theory of non-equilibrium partitioning of contaminants into
EFDC many changes had to be made to the code. Non-equilibrium partitioning was
entered as a user option in Card 43 of the main input file (efdc.inp). There were several
existing contaminant transport subroutines in EFDC. To start the coding process new
parallel subroutines for non-equilibrium partitioning were created. A description of each
follows in the next section.
Many other changes to subroutines that perform toxic calculations on the total
contaminant concentration (TOX) were altered to represent all three phases (TOXW,
TOXD, and TOXS). Each of these alterations is only implemented when non-equilibrium
partitioning is turned on. If the code is run in equilibrium mode, the original code
referencing the total concentration is implemented.
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EFDC Non-Equilibrium Subroutines

To start the coding of the non-equilibrium model, the contaminant transport
subroutines were duplicated and made into parallel routines that would be called when
non-equilibrium partitioning is turned on. These routines were then altered to solve for
three contaminant phase concentrations instead of the total; i.e., the equilibrium model
only solved the total contaminant concentration (TOX). New non-equilibrium subroutines
can be identified by a “ne” at the end of the name. A description of each new subroutine
is given below and a visual representation of the routines can be seen in Figure 4.

Hdmt2t
Calconc
IF
Equilibrium
Caltran

Ssedtox
NonEquilibrium

SEDZLJ

Catranne

IF

Equilibrium

NonEquilibrium

Caltox

Caltoxne

Caltoxb

Caltoxbne

Figure 4: Contaminant Transport Subroutine Flowchart
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CALTRANNE:
This routine is an altered version of the routine used in the equilibrium model CALTRAN
which is called in CALCONC. CALTRAN is called to calculate advective and dispersive
fluxes of different constituents, including salinity, temperature, dye, shellfish, toxic
contaminants, sediment, and non-cohesive sediment. In the equilibrium model when
CALTRAN is called for the toxics, the variable TOX (the total concentration of all three
phases) is read into CALTRAN, whereas in the non-equilibrium model all three
concentrations are read in separately as TOXW, TOXD, and TOXS. Each concentration
is a function of the cell number (L), the vertical layer number (K) and the specific toxic
contaminant (NT). The non-equilibrium subroutine, CALTRANNE, calculates the
transport of contaminants due to advection and dispersion as well as adsorption and
desorption to/from solids and DOC.
CALTRANNE specifically needs the solids concentration as a function of
sediment size class because the sorption models represent multiple sediment size classes.
Lick’s model for desorption (Equation (2.2)) is dependent on the diameter of the particle.
Each sediment size class has a unique desorption rate, and the concentrations of each
class will be altered separately due to their unique representative diameter. To partition
the solids concentration into the different classes (i), a fraction of the total contaminant
solids concentration is calculated and used. For the first time step, the fraction of the total
solids concentration is partitioned by dividing the total contaminant solids concentration
evenly into all size classes, which is done by dividing the total contaminant solids
concentration by the number of size classes. At the end of CALTRANNE, the fraction of
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contaminant associated with each size class (fcons) is calculated by summing all sediment
size class contaminant concentrations and then dividing each individual class by that
total, as seen in Equations (3.4) and (3.5). The fraction is then used in the next time step
to calculate Cs as a function of size class (NS) by multiplying it by the total solids
concentration.
Cs ( total )   Csi

(3.4)

i

i
f cons


Csi
Cs ( total )

(3.5)

The adsorption rate is then calculated according to Equation (2.3) and the
desorption rate is calculated according to Equation (2.2). The adsorption rate is a function
of the time derivative of the freely dissolved concentration, which is calculated by
subtracting the current time step concentration from the previous time step and dividing it
by the time step of the model (Δt), as seen in Equation (3.6).

dCw Cw,n  Cw,n 1

dt
t

(3.6)

Advection, in all three directions is accounted for in all three contaminant phases
and the boundary conditions are applied. Contaminants are assumed to be in equilibrium
when entering the system at boundary conditions and are partitioned according to Kp.
Any contaminants exiting boundaries are subtracted from the corresponding phase: i.e., if
only water flows out of a boundary, only the freely dissolved concentration will be
affected.
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Finally the adsorption and desorption terms of the transport equations are
calculated according to Equations (3.1) and (3.3). Depending on the conditions of the
system either the adsorption or desorption rate is used in the transport equations for the
freely dissolved and solids phases. After the freely dissolved and solids concentrations
are updated, the desorption/adsorption from the DOC phase is then calculated according
to Equation (3.2) using the updated Cw.

CALTOXNE:
CALTOXNE is called in place of CALTOX when non-equilibrium partitioning is
specified in the main input file. In the equilibrium model CALTOX calculates the
fraction of contaminant associated with particulates and then uses that to adjust the
concentrations due to interactions between the water column and the sediment bed. These
interactions include fluxes due to bed load; settling and deposition; sediment
resuspension; water entrainment and expulsion; and bank erosion. In the non-equilibrium
model CALTOXNE adjusts for the same things but only adjusts the concentrations for
the appropriate phase. For example, settling of solids to the bed only affects the solids
concentration in the water column. The sediment bed is assumed to be in equilibrium in
the non-equilibrium model, but the interactions between the bed and the water column are
phase specific. To continue the example, once the sediment particle settles to the bed, the
solids concentration that was subtracted from the water column is added to the total bed
concentration. When sediment is eroded from the bed it has a contaminant concentration,
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determined by the bed equilibrium partitioning coefficient, which is subtracted from the
total bed concentration and added to the solids concentration of the water column.

CALTOXBNE:
CALTOXBNE is called in place of CALTOXB when non-equilibrium partitioning is
turned on specified in the main input file. CALTOXB accounts for advection and
diffusion of contaminants to and from the sediment bed. CALTOXBNE does the same,
but specifically alters the appropriate water column contaminant phase. For example,
when contaminants diffuse from the bed to the water column, only the freely dissolved
concentration in the water column is altered. This subroutine also calculates the flux of
contaminants between bed layers due to concentration gradients. This aspect of
CALTOXBNE was not altered for non-equilibrium partitioning.
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User Specified Parameters

The Environmental Fluids Dynamics Code (EFDC) has a number of input files
that are required to run a model simulation. Within these files many different parameters
must be specified by the user. When integrating non-equilibrium partitioning into EFDC,
many new parameters had to be added to the main input file (efdc.inp) to accommodate
the transport processes not previously represented in the equilibrium version of EFDC.
The switch for non-equilibrium partitioning (IEQPART) was added to Card 43, which
will run the model in equilibrium mode when the value is zero and runs in nonequilibrium mode when the value is one. A new card in efdc.inp was created (C43A), for
parameters that are needed when non-equilibrium partitioning is specified in C43. C43A
contains the non-equilibrium toxic contaminant parameters. The new card requires the
user to enter (a0) from Lick’s equation for the adsorption of contaminants to solids
(Equation (2.3)). Lick et al. (1997) indicated that this parameter varies between 0 and 2.4
and is a slowly varying function of the equilibrium partitioning coefficient and the total
concentration of contaminant. A value of 1.0 for a0 was used for all simulations in this
thesis due to lack of knowledge on the extent to which this parameter varies.
Another parameter that must be entered by the user in C43A is the intraparticle
diffusion coefficient (D) used in Lick’s equation for the desorption rate of contaminants
from solids (Equation (2.2)). This coefficient is a function of the particle porosity (ϕ),
particle density (ρs), the molecular diffusion coefficient (Dm), tortuosity (f) as well as the
partitioning coefficient (Kp) and can be seen in Equation(3.7) (Borglin et al., 1996).
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D

Dm f
(1   )  s K p

(3.7)

This coefficient is assumed in Borglin et al.’s (1996) numerical calculations to be
2x10-14 cm2/s for simulations with a suspended sediment concentration of 10,000 mg/L.
When a suspended sediment concentration of 500 mg/L is simulated, a value of 7.5x10-12
cm2/s is used due to increased porosity and decreased floc densities. This thesis assumed
a constant value of 2x10-14 cm2/s (2x10-18 m2/s). The assumption is made due to lack of
knowledge on the correction factor for tortuosity on the molecular diffusion coefficient.

37

CHAPTER FOUR
RESULTS AND DISCUSSION

Verification Tests

A series of verification tests were conducted using the non-equilibrium model to
ensure that each contaminant transport process was properly represented. There are many
processes that control the transport and fate of contaminants including advection; settling
of solids; deposition and resuspension of solids; diffusion (including bioturbation and
molecular diffusion); porewater expulsion due to consolidation; decay; and volatilization.
Each new process in the non-equilibrium model needed to be isolated and verified before
applying it to a complex system like NBH. Tests were done using a simple model domain
to verify each transport process and its associated equations. The model domain consisted
of nine grid cells, in a three by three pattern, with each grid cell having an area of 1 m2.
The domain had zero boundary conditions and no advection was occurring. The initial
conditions varied, depending on which test was being done. The initial conditions for
each test can be seen in Table 2.
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Table 2: Verification Tests Initial Conditions
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Diffusion of contaminants was the first process tested. The diffusion of
contaminants between the sediment bed and water column accounts for molecular
diffusion and bioturbation. Diffusion is the process where constituents move from areas
of higher concentrations to areas of lower concentrations to reach a state of equilibrium.
Bioturbation is the mixing effect that is caused by benthic organism activity. The
equations that govern diffusion were not altered; therefore, the results from simulating
diffusion in the non-equilibrium model were verified as being the same as from the
equilibrium model. Varying numbers of water column layers were used to make sure the
vertical solutions were correct. The results for these tests (Tests 1A, 1B, 2A and 2B) can
be seen in Figure 5 through
Figure 8.
As expected, perfect agreement between the equilibrium and non-equilibrium models was
achieved. Tests 1A and 1B simulated diffusion of contaminants from the bed to the water column. The
gradual increase in contaminant concentration in the water column is seen in Figure 5, where the
concentration in the top water column layer (layer 5) is plotted. The differences between Test 1A and 1B
are the number of water column layers. Test 1A has five layers (each 1 m deep) and Test 1B has only one 5
m layer. The curves in Tests 1A and 1B have different shapes due to the fact that 1A shows the
contaminant concentrations in layer 5 and Test 1B is the contaminant concentration in the whole water
column (one layer). The slope in Test 1A is lower due to it taking longer for the contaminant to reach the
top water column layer.

Tests 2A and 2B simulated diffusion of freely dissolved contaminant from the water
column to the sediment bed. There are five sediment bed layers for both tests and five 1
m layers (2A) or one 5 m layer (2B) in the water column. The non-equilibrium model is
in agreement with the equilibrium model as seen in
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Figure 7 and
Figure 8.
One change that was made in the non-equilibrium model was that only the freely
dissolved phase is affected by the diffusion of contaminants from the bed to the water
column or vice versa. The result is a more accurate representation of the diffusion process
than the equilibrium model which simulates diffusion affecting the total contaminant
concentration.
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Figure 5: Diffusion from Bed to Water Column using 5 Layers

Figure 6: Diffusion from Bed to Water Column using 1 Layer

42

Figure 7: Diffusion from Water Column to Bed using 5 Layers

Figure 8: Diffusion from Water Column to Bed using 1 Layer
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Desorption from suspended solids as well as from dissolved organic carbon
(DOC) was tested in Test 3 and 4. In Test 3 suspended sediments with a zero settling
velocity were allowed to desorb contaminant into the freely dissolved phase. Sand size
particles were used for Test 3A (250 μm) and silt size particles for Test 3B (25 μm).
Figure 9 illustrates the results from Test 3A and Figure 10 shows results from Test 3B.
The plots show how contaminants slowly desorb from the solids phase (green) into the
freely dissolved phase (blue) over the course of about 300 days for sand and about 3 days
for silt, until equilibrium is reached. Equation (2.2) governs contaminant transport, due to
desorption, in Test 3. The results from these desorption tests indicate that the nonequilibrium model is simulating the desorption process notably different than the
equilibrium model, where equilibrium is assumed to occur instantly.
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Figure 9: Desorption from Contaminated Suspended Sediments (250 μm)

Figure 10: Desorption from Contaminated Suspended Sediments (25 μm)
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To verify that equilibrium was achieved in these tests, the contaminant solids
concentration (in units of mass of contaminant per mass sediment) was divided by the
freely dissolved contaminant concentration. As given by Equation (2.1), the ratio of these
concentrations will equal the equilibrium partition coefficient at equilibrium. An
equilibrium partition coefficient (Kp) between the solids and freely dissolved phase of
3.16 L/kg was used for the PCBs modeled here. The value of the Kp was determined for
the USACE modeling study (Hayter et al., 2014). The ratio of the contaminant
concentration in the solids and freely dissolved contaminant concentration for Test 3
correctly matched the equilibrium partitioning coefficient, confirming that equilibrium
was achieved. The PCB solids concentration in units of mass of contaminant per mass of
sediment is calculated by dividing the PCB solids concentration (in units of mass of
contaminant per volume of water) by the suspended sediment concentration (in units of
mass sediment per volume of water) to achieve units of mass of contaminant per mass of
sediment. The same procedure was used for desorption from DOC when confirming
equilibrium, though a partitioning coefficient of 0.0316 L/kg was used. The value of the
Kp was determined for the USACE modeling study (Hayter et al., 2014).
Desorption of PCBs from the DOC phase into the freely dissolved phase was
verified in Test 4. In contrast to the PCBs in the solids phase, the PCBs in the DOC phase
were assumed to be in equilibrium. Equation (3.2) dictates the concentration of
contaminant sorbed to DOC. The results show that the PCB concentration associated with
the DOC in the water column (Cd) instantly achieved its equilibrium value, confirmed by
the same procedure described above and also by comparing results to the equilibrium
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model. The initial conditions for Test 4 were 3.5 mg/L of suspended DOC in the water
column with a freely dissolved contaminant concentration of 1 μg/L. The equilibrium
concentrations were achieved after one time step and the results can be seen in Table 3.

Table 3: Test 4 Final Concentrations of Desorption from DOC

Equilibrium

Non-Equilibrium

Cw

9.0040E-01

9.0041E-01

Cd

9.9590E-02

9.9586E-02

Desorption of contaminants from suspended sediments as well as from DOC into
the freely dissolved phase was simulated in Test 5, which evaluated how the model
responded when all three contaminant phases were represented. The results, seen in
Figure 11, show the PCB concentration on the DOC falling from 1 μg/L to about 1x10-4
μg/L at the first time step, then as the freely dissolved PCB concentration increases due to
desorption from solids, the PCB concentration on the DOC increases proportionally. The
DOC is dependent upon the freely dissolved concentration, the partitioning coefficient
and the concentration of suspended DOC in the water column (Equation (3.2)). The
results clearly show the relationship between the freely dissolved contaminant
concentration (Cw) and the DOC contaminant concentration (Cd). Equilibrium is achieved
after about 3 days and is confirmed using the same procedure and relationships discussed
for Test 3.
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Figure 11: Desorption from suspended sediment and DOC

Adsorption of PCBs to suspended sediments from the freely dissolved phase was
the next transport process verified and Equation (2.3) governs the rate adsorption occurs.
Initial conditions for the adsorption simulations consisted of water with a freely dissolved
contaminant concentration of 1 μg/L and zero contaminant sorbed to the suspended
sediment. Adsorption to DOC was also tested and is governed by Equation (3.2).
Adsorption of PCBs to suspended sediment from the freely dissolved phase was
simulated in Test 6A for sand size particles (250 μm) and in Test 6B for silt size particles
(25 μm). The suspended sediment was given a zero settling velocity and was initially free
of contaminants. The total suspended sediment concentration was 50 mg/L. The water
had an initial freely dissolved PCB concentration of 1 μg/L. Contaminants took about 900
days to reach equilibrium adsorbing onto 250 μm particles, as seen in Figure 12, and
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about 15 days for 25 μm particles, as seen in Figure 13. Longer contaminant adsorption
times in Test 6A are due to the larger particle size. The adsorption rate is inversely
proportional to the particle diameter to the second power (Equation (2.2)), and the longer
time to reach equilibrium in test 6A illustrates this dependence of the adsorption rate on
particle diameter. If the non-equilibrium model was applied to a system that contained
mainly sand size particles, with only a small fraction of cohesive size particles, it could
yield results that were significantly different then the results from an equilibrium
representation of the same system. Different size particles also have different fractions of
organic carbon associated with them, which changes how contaminants partition to the
particles, which could influence the differences in models when different particle sizes
occur.
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Figure 12: Adsorption to Suspended Sediment Sand (250μm)

Figure 13: Adsorption to Suspended Sediment Silt (25 μm)
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Adsorption of PCBs to DOC from the freely dissolved phase was evaluated in
Test 7 similarly to suspended sediment in Test 6. Initial conditions consisted of DOC
suspended in the water column with an adsorbed PCB concentration of zero, surrounded
by PCBs in the freely dissolved phase at a concentration of 1 μg/L. After one time step,
the system reached equilibrium, due to the assumption that the DOC phase is in
equilibrium. Equilibrium was confirmed by running a parallel test on the equilibrium
model as well as through the relationship described in Test 4. The results from the nonequilibrium and equilibrium model can be seen in Table 4. The results show that the nonequilibrium model is correctly modeling sorption of PCBs onto DOC by instantly
achieving equilibrium concentrations.
Table 4: Test 7 Final Concentrations of Adsorption to DOC

Equilibrium

Non-Equilibrium

Cw

9.0040E-01

9.0041E-01

Cd

9.9590E-02

9.9586E-02

Adsorption of PCBs from the freely dissolved phase to both DOC and suspended
sediment was tested next in Test 8 to ensure that adsorption worked properly when all
three phases were represented in the model. Test 8 initially had a freely dissolved PCB
concentration of 1 μg/L and suspended solids and DOC with zero initial contaminant
concentrations. The results of Test 8 can be seen in Figure 14. Initially the concentration
of PCBs on the DOC increases, due to adsorption of freely dissolved contaminant onto
DOC. It then decreases proportionally to the freely dissolved, because of the relationship
in Equation (3.2). The freely dissolved phase PCB concentration decreases due to
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adsorption of PCBs to DOC and solids. All three contaminant phases reach equilibrium
after about three days.

Figure 14: Adsorption to Sediment and DOC

The last transport process that had to be verified was settling of solids onto the
sediment bed. For these tests contaminated sediments were initially suspended in the
water column and allowed to settle onto a sediment bed, desorbing contaminants into the
freely dissolved phase while settling. The sediment bed had an initial PCB concentration
of zero. The settling of both cohesive and non-cohesive sediments was tested.
Tests 9A (Figure 15) and 9B (Figure 16 and
Figure 17) simulate cohesive sediment (25 μm) settling with one and five water column
layers respectively. When five water column layers were simulated, each layer had a
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depth of 1 m, and when one layer was simulated the layer was 5m deep. In Test 9B, the
suspended sediment settles out of layers at the top of the water column (layer 5) before
layers at the bottom of the water column. Layer 5 will, therefore, have steady freely
dissolved PCB concentrations before the layers at the bottom (layer 1). Tests 10A
(Figure 18 and
Figure 19) and 10B (
Figure 20) simulate non-cohesive, or sand size sediment particles (250 μm) settling with
one and five water column layers, respectively. The total contaminant concentration in
the sediment bed increases until all sediment has settled out of the water column (
Figure 19).
Intuitively, the smaller sediment particles (25 μm) take much longer to settle out
of the water column than the larger particles (250 μm). The slower settling velocity
combined with a faster desorption rate (due to a smaller diameter) allow more
contaminant to desorb from the sediments to the freely dissolved phase than from the
larger particles.
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Figure 15: Settling of Contaminated Sediments (25 μm, KC=1)

Figure 16: Settling of Contaminated Sediments Cw (25 μm, KC=5) where Cw 1 is the water column
layer at the bottom and Cw 5 is the layer at the top
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Figure 17: Settling of Contaminated Sediments Cs (25 μm, KC=5) where Cs 1 is the water column
layer at the bottom and Cs 5 is the layer at the top

Figure 18: Settling of Contaminated Sediments (250 μm, KC=1)
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Figure 19: Test 10A Sediment Bed Concentration

Figure 20: Settling of Contaminated Sediments (250 μm, KC=5) where Cw 1 and Cs 1 are the water
column layers at the bottom and Cw 1 and Cs 1 are the layers at the top
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Laboratory Simulations

Further verification of the model’s desorption process was done by simulating
long term HOC desorption laboratory experiments and producing comparable results
(Lick and Rapaka, 1995, Borglin et al., 1996). Long term desorption experiments with
HCB and a few PCB congeners were done using sediments from the Detroit River. The
experiments had varying equilibration times as well as varying suspended sediment
concentrations. Equilibration times refer to the amount of time the sediments and water
were exposed to the contaminants before desorption experiments began. For the
simulation of these experiments in this thesis, it was assumed that the contaminants are
equilibrated (i.e., in equilibrium) with sediment and water at the beginning of the
experiment.
Borglin et al. (1996) performed desorption experiments in the lab and then
simulated the experiment numerically. A purge and trap apparatus was used, similar to
the device used previously by Karickhoff et al. (1985). The apparatus pumps air up
through the bottom into the sediment and water mixture to keep the sediment in
suspension as shown in Figure 21. The contaminants were extracted at the top using
Tenax resin. The contaminants desorb from the sediment and are continually removed
such that the freely dissolved concentration stays fairly constant.
For the model developed in this thesis it was necessary to set the freely dissolved
concentration to zero at the beginning of every time step in an effort to mimic the
conditions of the gas purge cell. Correspondence with one of the authors (Sharon
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Borglin) confirmed that the Tenax resin removed contaminant from both the freely
dissolved phase as well as the gas phase. Setting the freely dissolved concentration to
zero was performed to represent the extraction process, and Borglin (through personal
communication) thought that this was reasonable to do.

Figure 21: Karickhoff Desorption Apparatus (Karickhoff et al., 1985)

The laboratory data were plotted as percent contaminant desorbed from the
particles over time and the experiment was carried out until about 100% desorption
occurred and no more contaminant was being extracted. The initial conditions for the
experiments are as follows. Four sediment size classes were modeled (3, 7, 17, and 40
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μm) with suspended sediment concentrations of 1120, 1960, 5100, and 1820 mg/L,
respectively. In the simulations done in this thesis, the sediment particles were kept in
suspension in the water column by setting their settling velocities to zero. The total
suspended sediment concentration was 10,000 mg/L. The diffusion coefficient (D) was
set as 2x10-18 m2/s and the equilibrium partitioning coefficient (Kp) was set equal to 3.68
L/kg. The initial PCB concentrations used for this numerical simulation are Cs = 0.999
μ/L and Cw = 0.316 μ/L. All initial conditions can be seen in Table 5.
Table 5: Borglin et al. (1996) Verification Test Initial Conditions

Initial Conditions
Cs [μg/mg]

0.999

Cw [μg/L]

0.316

CD [μg/L]

0.0

Cbed [ug/kg]

0.0
1120,
1960,
5100, 1820

Suspended Sediment
Concentration [mg/L]
DOC Suspended
Concentration
Water Column Layers
Number of Sediment
Size Classes (No.
cohesives)

3.5
1
4 (4)

Sediment Sizes [μm]
(settling vel. [mm/s])

3(0), 7(0),
17(0),
40(0)

Diffusion Coefficient
(between bed and water
column) [m2/s]

0.0

Equilibrium
Partitioning Coefficient
(Kp) [L/kg]

3.68
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The results presented by Borglin et al. (1996) (experimental data) and the
numerical results using the non-equilibrium partitioning model can be seen in Figure 22.
There was reasonable agreement between the experimental results and the nonequilibrium model output. The main difference between the results is the amount of time
that it takes for 100% desorption to occur. Total desorption took about 300 days in
Borglin et al. (1996) experiment and about 900 days in the non-equilibrium model. It is
believed that this is mostly due to the non-exact representation of the experimental set up
used by Borglin et al. (1996). Some differences between the experimental set up and the
simulation with the non-equilibrium model were the assumptions that the contaminant
was extracted by the Tenax resin from the freely dissolved phase only and that the freely
dissolved contaminant concentration was zero at the beginning of every time step.
Additionally, the particles were kept in suspension with a zero settling velocities in the
non-equilibrium model, whereas in the experimental set up, the apparatus created a lot of
turbulence and particle collisions due to the air bubbles. Flocculation was also not
accounted for in the non-equilibrium model and it definitely would have occurred with
natural sediments in the experimental apparatus. Collisions between particles, and the
resulting changes in the particle diameters due to flocculation and the extraction
assumptions could account for the quantitative discrepancies between the nonequilibrium model and the experimental data. Nevertheless, the simulations using the
non-equilibrium model did produce qualitatively similar results.
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Figure 22: Simulations of Borglin et al., (1996) using non-equilibrium model and 10,000 mg/L
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New Bedford Harbor Simulations

Since its acceptance onto the National Priorities List in 1983, the New Bedford
Harbor Superfund site has seen constant activity. Data collection and remediation efforts
have been ongoing since the 1980s. The modeling study that is ongoing by the USACE
will be the basis of the simulations performed with the EFDC non-equilibrium model.
The equilibrium model of NBH was set up and calibrated using the multitude of data that
has been collected at this site by the EPA, USACE, and others. The initial conditions and
inputs for the simulations of NBH with the non-equilibrium model will be the same as the
most recent modeling study done by USACE (Hayter et al., 2014). A brief overview of
the model set up and initial conditions will be given here.
The models included in EFDC include a hydrodynamic, sediment transport and
contaminant transport model. The setup of the contaminant transport model will be
discussed here, as the other models in EFDC were not the focus of this thesis. For a full
description of the setup of the EFDC hydrodynamic, sediment transport and the SWAN
wave model see Hayter et al. (2014).
The PCB data used in the USACE modeling study at NBH are from the Battelle
database, which includes data from the long-term monitoring study done by the EPA and
other investigations (Hayter et al., 2014). The Project Managers for this Superfund site
decided that the total PCB concentrations, equal the sum of the NOAA 18 PCB
congeners (Table A-1) would be modeled because these were the most frequently
sampled in water, sediments and biota at NBH. Previous studies at NBH have thoroughly
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explored the relationship between the 18 congeners and the total PCBs; and the EPA
long-term monitoring study includes the analysis of the 18 congeners (Hayter et al.,
2014).
Even though the NOAA 18 congeners have known equilibrium partitioning
coefficients, site specific coefficients were calculated to account for salinity, temperature,
and the average weight percent of each congener at NBH (Hayter et al., 2014).
Equilibrium partitioning coefficients for the PCBs at NBH were calculated to be 3.16
L/kg between solids and the freely dissolved phase, and 0.0316 L/kg between DOC and
the freely dissolved phase in the water column. The contaminant transport model was
calibrated using data from the Battelle database by simulating pre-remedial conditions
starting on January 1, 1993. The model was calibrated for up to three years after this date
during which model results were compared to measured data. The spatially constant
diffusion coefficient of 2x10-6 cm2/s was chosen to yield the best agreement between the
model simulations and the collected data (Hayter et al., 2014).
To run the model in equilibrium mode, after the non-equilibrium model was
incorporated into EFDC, the transport calculations had to be changed from single
accuracy to double accuracy. The order of accuracy defines how many digits the
computer will save and use for calculations. When single accuracy is specified for a
certain parameter then eight digits are used and when double accuracy is specified, then
sixteen digits are used. The EFDC model was run in both equilibrium and nonequilibrium mode for the same conditions that the USACE modeling study used. The
initial conditions for the NBH simulations can be seen in Table 6.
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Table 6: NBH Simulation Non-Equilibrium Initial Conditions

Initial Conditions
C [μg/L]

0.02

Cbed [μg/kg]

Variable

Suspended Sediment
Concentration [mg/L]

1, 0, 0, 0, 0

DOC Suspended
Concentration/ DOC in bed
[mg/L]

3.5 / 22

Water Column Layers

1

Number of Sediment Size
Classes (No. cohesive classes)

5 (2)

Sediment Sizes [μm] (settling
vel. [mm/s])

3 (0.01), 25 (0.02),
222, 432, 2000

Diffusion Coefficient
(between bed and water
column) [m2/s]

5x10-10 m2/s

Diffusion Coefficient in
Sediment Pore Water (D)

5x10-10 m2/s

Equilibrium Partitioning
Coefficient for sediment in
water column (Kp) [L/kg]

3.16

Equilibrium Partitioning
Coefficient for DOC in
water column (Kp) [L/kg]

0.0316

Equilibrium Partitioning
Coefficient in bed (Kp) [L/kg]

0.016
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Four cells within the harbor and one outside the harbor were chosen to compare
the non-equilibrium model output with the equilibrium model output. Two cells in the
upper harbor (1 and 2), one cell in the middle harbor (3), one cell in the lower harbor just
inside the hurricane barrier (4), and one in Buzzards Bay (5). The physical locations of
these cells can be seen in Figure 23.

1
2
3

4
5

Figure 23: Locations of Reference Cells

The three phase contaminant concentrations, the total contaminant concentrations,
the total bed contaminant concentrations in the top sediment bed layer as well as the
suspended sediment concentrations were plotted at each of the five cells. Some general
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observations for all five cells can be made. The daily tidal variation can be seen in all of
the plots of the water column by the wave like pattern of the contaminant concentrations.
The non-equilibrium model generally shows larger variations in contaminant
concentrations throughout the tidal cycle than the equilibrium model. The cause of this
difference between the two models is not well understood.
The suspended sediment concentration varies due to deposition and resuspension
of sediment particles as well as advective transport. The mass of suspended sediment in
the water column varies in space and time and those variations can cause spikes and
troughs in the contaminant concentrations, as seen in the total concentration plots (for
example Figure 26 and Figure 27). The three phase PCB concentration plots show the
solids PCB concentration (Cs) in micrograms per milligram, normalizing it to the
suspended sediment.
Generally the PCB solids concentrations (Cs)(green) are higher and consequently
the PCB freely dissolved concentrations (Cw)(blue) are lower in the non-equilibrium
results than in the equilibrium results (Figure 28-Figure 29, Figure 34-Figure 35, Figure
42-Figure 43, Figure 48-Figure 49, and Figure 54-Figure 55). This is an expected
outcome of the slow contaminant desorption rates used in the non-equilibrium model.
Since the PCBs sorbed to the solids are not assumed to be in instantaneous equilibrium, it
takes time for the contaminants to desorb from the particles, making the PCB solids
concentrations higher for longer periods of time in the non-equilibrium model.
In the equilibrium model the three phase PCB concentrations all follow a similar
pattern to the total concentration, but at different magnitudes, which occurs because the
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model is calculating the total concentration and then partitioning it into its three phases
for the output. The non-equilibrium results show the three phases following different
patterns. The different patterns occur because the transport of all three contaminant
phases is being solved independently and different transport processes are acting upon
them. For example, settling of solids out of the water column only affects the solids
contaminant concentration. In the non-equilibrium model the DOC phase is assumed to
be in equilibrium and is dependent upon the freely dissolved concentration, its
equilibrium partitioning coefficient and the constant concentration of DOC in the water
column (Equation (3.2)). This causes the PCB DOC concentration (Cd)(orange) to follow
a similar pattern to that of the freely dissolved PCB concentration.
The maximum solids PCB concentrations output from the non-equilibrium model
were compared to the corresponding equilibrium concentration at that time for each cell
(Cs column in Table 7). This was done because the PCB solids concentration was
consistently higher in the non-equilibrium model. The maximum solids contaminant
concentrations were found to be very different between the models (Table 7). The
maximum freely dissolved PCB concentrations were also found for the equilibrium
model and they were compared to the corresponding non-equilibrium concentration at
that time (Cw in Table 7). This was done because the freely dissolved PCB concentrations
were consistently higher in the equilibrium model, due to more contaminant desorbing
off of the sediment particles because of the assumption of instantaneous equilibrium. The
percent difference with respect to the equilibrium model was calculated according to
Equation (4.1), where EQ and NE indicate the PCB concentrations of the equilibrium and
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non-equilibrium model respectively for both the solids and freely dissolved PCB
concentrations. The percent differences are a good illustration of how different the
concentration results from the non-equilibrium model are from the equilibrium
concentrations.

100 

EQ  NE
EQ

(4.1)

Table 7: Percent Difference in Maximum Concentrations in the Water Column
Cell

Cs

Cw

1

208.496
170.258
42.5321
104.188
100.000

82.3742
74.0693
87.6342
95.3024
94.329

2
3
4
5

The total contaminant concentration in the top layer of the sediment bed was
plotted for each cell. The concentrations are very similar between the non-equilibrium
(solid light purple line) and the equilibrium model (dashed dark purple line) (Figure 25,
Figure 37, Figure 39, Figure 45, and Figure 51). Higher PCB solids concentrations in the
water column should lead to higher PCB concentrations in the sediment bed. The results
show that the sediment bed concentrations in the non-equilibrium model generally have a
slightly higher PCB concentration or almost identical concentrations to the equilibrium
model.
Calculations were done for the maximum total sediment bed contaminant
concentrations. The percent difference between the two model outputs with respect to the

68

equilibrium model were calculated for all layers at all times throughout the one year
simulation. In all five cells the maximum total sediment bed PCB concentration was in
the top layer (layer 4) of the sediment bed, towards the beginning of the simulation (as
seen in Figure 25, for example). The results show that generally the two models had
almost identical maximum PCB concentrations in the sediment bed. The percent
differences can be seen in Table 8. The sediment bed concentration percent differences
were much smaller than the water column concentration differences. One factor that
might influence this is that the sediment bed is assumed to be in equilibrium in the nonequilibrium model, making the conditions in the sediment bed similar between the two
models. Another factor that might be the cause of the small differences are that there is
not much erosion and deposition of sediments from the bed, meaning that there is a small
magnitude of interaction between the sediment bed and the water column. The different
water column contaminant concentrations may not be influencing the sediment bed
concentrations in the non-equilibrium model due to this aspect. If there were more
erosion and deposition occurring in the system, more discrepancies between the
contaminant concentrations in the sediment bed calculated by the two models may occur.

Table 8: Percent Differences in Maximum Bed Concentration

Cell
1
2
3
4
5

Percent
Difference
0
0
0
0
13.250
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The upper harbor cells (cells 1 and 2) show a spike in the suspended sediment
concentration (Figure 24 and Figure 31), which can be seen mirrored in the PCB
concentrations plots of cell 1 (Figure 26-Figure 30) and cell 2 (Figure 32-Figure 36). The
spikes and troughs of the PCB concentrations due to variations in the suspended sediment
concentrations illustrate the dependence between them. The results for cell 1 show the
non-equilibrium model following a similar pattern to the equilibrium model, but with
higher PCB solids concentrations and lower freely dissolved and DOC PCB
concentrations. The freely dissolved PCB concentrations at cells 1 and 2 are shown on
their own, for clarity.
From here on the concentration of PCBs associated with the solids will be shown
in units of μg/mg on the right axis. The concentration of freely dissolved PCBs and the
concentration of PCBs associated with the DOC phase will be shown in units of μg/L on
the left axis. All concentration plots are shown with a log scale on the y-axis.
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Figure 24: Total Suspended Sediment Concentration at Cell 1

Figure 25: Total Concentration in the Sediment Bed for Cell 1 in Top Layer (4)
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Figure 26: Non-Equilibrium Total Concentration at Cell 1

Figure 27: Equilibrium Total Concentration at Cell 1

72

Figure 28: Non-Equilibrium at Cell 1

Figure 29: Equilibrium at Cell 1
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Figure 30: Non-Equilibrium Freely Dissolved Concentration at Cell 1

Figure 31: Total Suspended Sediment Concentration at Cell 2
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Figure 32: Non-Equilibrium Total Concentration at Cell 2

Figure 33: Equilibrium Total Concentration at Cell 2
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Figure 34: Non-Equilibrium at Cell 2

Figure 35: Equilibrium at Cell 2
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Figure 36: Non-Equilibrium Freely Dissolved Concentration at Cell 2

Figure 37: Total Concentration in the Sediment Bed for Cell 2 in Top Layer (4)
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Cell 3, as shown in Figure 23, is in the middle harbor just to the inside of a small
island. Very low suspended sediment concentrations were observed at cell 3 (Figure 38).
The low suspended sediment concentration causes Cs to increase (Figure 42)(green). This
is a result of dividing Cs in units of mass of contaminant per volume of water by the
suspended sediment concentrations in units of mass sediment per volume of water. When
the suspended sediment concentration is very low, it causes the PCB solids concentration
to become high, which is the reason for the increase and then drop in Cs in Figure 42.
Cell 3 also shows higher sediment bed PCB concentrations than cells 1 and 2,
which is most likely due to its location in the harbor. The initial PCB conditions in the
sediment bed are variable and are based on collected data, so differences in sediment bed
PCB concentrations is expected.
Cell 4 is just inside the hurricane barrier in the lower harbor. A similar increase in
Cs, as in cell 3, is observed (Figure 48) and is similarly due to decreases in suspended
sediment concentrations. Cell 4 also shows higher sediment bed contaminant
concentrations, most likely due to its location, similar to cell 3.
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Figure 38: Total Suspended Sediment Concentration at Cell 3

Figure 39: Total Concentration in the Sediment Bed for Cell 3 in Top Layer (4)
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Figure 40: Non-Equilibrium Total Concentration at Cell 3

Figure 41: Equilibrium Total Concentration at Cell 3
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Figure 42: Non-Equilibrium at cell 3

Figure 43: Equilibrium at Cell 3
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Figure 44: Total Suspended Sediment Concentration at Cell 4

Figure 45: Total Concentration in the Sediment Bed for Cell 4 in Top Layer (4)
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Figure 46: Non-Equilibrium Total Concentration at Cell 4

Figure 47: Equilibrium Total Concentration at Cell 4
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Figure 48: Non-Equilibrium at Cell 4

Figure 49: Equilibrium at Cell 4
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The last cell that was analyzed was cell 5, and it was outside the hurricane barrier
in Buzzards Bay. The PCB solids concentrations are higher and the freely dissolved PCB
concentrations are lower in the non-equilibrium model than in the equilibrium model
(Figure 54-Figure 55). Cell 5 shows smaller variations in the contaminant concentrations
than most of the other cells analyze, which is most likely due to the increased depth of
water at cell 5 and a generally lower suspended sediment concentrations.
The total sediment bed contaminant concentration in cell 5 exhibits a spike and
then a drop (Figure 51). This is most exaggerated in the non-equilibrium model results,
but can still be distinguished in the equilibrium results. The cause of this is most likely
due to the large variation (a spike and a drop) in the suspended sediment concentration
over that time period, as seen in Figure 50. Sediment that was contaminated with PCBs
was suspended and then deposited back to the sediment bed, causing the increase in the
total concentration of PCBs in the sediment bed. The increase in suspended sediments
was most likely due to a large storm. The model simulates day 1 as January 1st and large
storms in the winter months are common in the northeast United States, often called
“nor’easters”.
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Figure 50: Total Suspended Sediment Concentration in Cell 5

Figure 51: Total Concentration in the Sediment Bed for Cell 4 in Top Layer (4)
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Figure 52: Non-Equilibrium Total Concentration at Cell 5

Figure 53: Equilibrium Total Concentration at Cell 5
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Figure 54: Non-Equilibrium at Cell 5

Figure 55: Equilibrium at Cell 5
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Throughout all of the results shown in this section, the differences between the
non-equilibrium model and the equilibrium model can be seen clearly. The nonequilibrium model accounts for adsorption and desorption rates of PCBs onto and off of
suspended sediment particles, whereas the equilibrium model assumes adsorption and
desorption happen instantly. The non-equilibrium model also solves for all three
contaminant phases throughout the model and applies applicable transport processes to
each phase, whereas the equilibrium model solves for the total PCB concentration
throughout and then partitions PCBs into the three phases according to their equilibrium
partitioning coefficient for the output. The result of these model differences causes the
non-equilibrium model to have higher concentrations of PCBs associated with suspended
solids and lower freely dissolved PCBs than the equilibrium model. The non-equilibrium
model slowly desorbs PCBs from suspended sediment and therefore retains more PCBs
on the sediment for longer periods of time than the equilibrium model.
The PCB concentrations in the sediment bed show less of a discrepancy between
the non-equilibrium and the equilibrium models. The reduced interaction between the
sediment bed and the water column due to NBH being a low energy system (i.e., low
wave action, small tidal variation and low sediment transport) as well as the assumption
of equilibrium in the bed are likely what cause the similarity between the total
contaminant sediment bed concentrations in the two models.
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CHAPTER FIVE
CONCLUSIONS and RECOMMENDATIONS

A non-equilibrium partitioning contaminant transport model was developed and
added to the Environmental Fluid Dynamics Code. The resulting EFDC model was
verified using a series of tests with simplified conditions to isolate transport processes. It
was further verified by simulating laboratory desorption experiments by Borglin et al.
(1996). In addition, both the non-equilibrium and equilibrium models of NBH were run
for one year, and the results were compared.
The non-equilibrium and equilibrium models were compared at five locations
throughout NBH. The water column concentrations of PCBs for all three phases (solids,
freely dissolved and DOC phase) were compared as well as the sediment bed PCB
concentrations at each location. Generally the PCB solids concentrations in the water
column were higher and the concentrations of freely dissolved PCBs were lower in the
non-equilibrium model. This was due to the slow desorption rates in the non-equilibrium
model where more PCBs were retained on the sediment particles and less desorbed into
the freely dissolved phase.
Percent differences, with respect to the equilibrium model, were calculated for the
maximum PCB solids and freely dissolved concentrations in the water column as well as
the total PCB concentration in the sediment bed. The percentages helped to quantify the
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discrepancies seen in the concentration plots. The results showed that in the water column
the solids concentrations of PCBs were significantly different (higher) and the
concentration of freely dissolved PCBs were significantly different (lower) in the nonequilibrium model. The total sediment bed PCB concentrations were more consistent
between the non-equilibrium and the equilibrium model. The maximum total sediment
bed PCB concentrations were almost identical between the models.
The concentration discrepancies between the two models might be significant
enough that it could potentially have an impact on project decisions if the nonequilibrium model was used instead of the equilibrium model. Model output is often used
as one line of evidence to make decisions in Superfund projects such as New Bedford
Harbor (NBH), and as such the accurate simulations are paramount to a project. Type and
duration of remedial actions could be affected by the contaminant concentrations in the
sediment bed; therefore, inaccuracies in concentration output could lead to decisions that
might not properly remedy the ecosystem.
Decision makers utilize contaminant concentration outputs in many different
ways. At NBH spatial and temporal (i.e., daily) averages of the PCB concentrations
generated by the EFDC model are used to drive a food web model that describes the
uptake and loss of PCB from individual marine organisms. Achieving seafood
concentrations which are safe for human consumption is the end goal of the NBH project.
The accuracy of the food web model output is greatly dependent upon the accuracy of
PCB concentration outputs from the EFDC model. These data are, therefore, very
important to the overall project goals at NBH. The findings in this research could alter
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remediation decisions in the future due to large differences in the predicted contaminant
concentrations between the equilibrium and non-equilibrium models.
There is more work to be done before this research can be applied however. The
non-equilibrium model should be run for a 30 year simulation, to match the modeling
study done by the USACE and compared. It may offer different conclusions than those
from the one year run. The results from the 30 year simulation should then be used in the
food web model and be compared to the results generated using the equilibrium
concentration output.
In addition to further work to be done using the existing model, there is more research
that needs to be done to support it. This research has brought to light some deficiencies of
non-equilibrium modeling of hydrophobic organic chemicals (HOCs). There has been a
multitude of work done on the sorption kinetics of HOCs with sediments. There has also
been significant work done on the effects of the fraction of organic carbon, associated
with the sediment, on HOC sorption kinetics. But no work on the sorption kinetics of
HOCs with dissolved organic carbon (DOC) was located. EFDC is a three phase model
but the sorption models utilized here only accounted for two phases (solids and freely
dissolved). Research on the sorption and desorption rates of HOCs for the DOC phase
needs to be conducted. The assumption of equilibrium for this phase may be valid, but
until the adsorption and desorption rates are quantified there is no way to validate this. If
equilibrium is not a good assumption for the DOC phase, then those rates need to be
incorporated into the EFDC non-equilibrium model, which will increase the accuracy of
the PCB concentrations associated with the DOC phase.
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Even though the sorption kinetics of HOCs with sediment have been thoroughly
explored, there is still some uncertainty associated with the intraparticle diffusion
coefficient (Equation (3.7)). Specifically, there is uncertainty about the molecular
diffusion coefficient (Dm). The variable Dm and the effects of tortuosity on it are not well
understood, which lends uncertainty to the calculation of the intraparticle diffusion
coefficient, D. Throughout the experiments done by Lick and others as well as for this
thesis, the value of D was assumed (Borglin et al., 1996, Lick and Rapaka, 1995, Lick,
2009). It would be more accurate to calculate D based on equation (3.7) to account for the
densities and porosities of the sediment particles throughout the non-equilibrium model.
Flocculation of cohesive sediments makes density and porosity ever changing parameters
and assuming a constant intraparticle diffusion coefficient, D, is not the best
representation. If the molecular diffusion coefficient was better understood, the model
could calculate an intraparticle diffusion coefficient (D) every time step and theoretically
be much more accurate.
The sediment bed was assumed to be in equilibrium, but this may not be a good
assumption. Lick et al. (1997) indicated that it could take the sediment bed even longer
periods of time to reach chemical equilibrium than the water column. Non-equilibrium
partitioning should be applied to the sediment bed to examine the differences between the
sediment bed contaminant concentrations with a non-equilibrium approach and with the
results from this thesis.
Finally to further understand the effects of non-equilibrium partitioning of HOCs,
the model should be applied to a higher energy system than NBH, specifically a system
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that has more tidal flux, more wave energy and more sediment transport. NBH is a fairly
low energy system and the effects of non-equilibrium partitioning could be amplified
when a more energetic system is modeled. However, a higher energy system could
reduce the differences between the equilibrium and non-equilibrium models due to
increased mixing. Therefore a similar modeling study to that done here should be
performed on a higher energy water body to examine the differences between the nonequilibrium and the equilibrium model of that system.
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APPENDICES
Appendix A
The National Oceanographic and Atmospheric Administration (NOAA) 18 PCB
Congeners used to represent the total PCBs at New Bedford Harbor

Table A-1: NOAA 18 PCB Congeners
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